is study aims to enhance the thermal resistance of asphalt mixture to cool asphalt pavement. Four kinds of asphalt mixtures were prepared by replacing basalt aggregate and limestone mineral powder with shale ceramsite (SC) and fly ash cenosphere (FAC), respectively. A series of experiments, including environment scanning electron microscope test, thermophysical parameter test, indoor irradiation test, shear strength test, and rutting test, were performed to verify the purpose of this study. e results show that using low-density SC and FAC could produce lightweight asphalt mixtures, which had lower thermal conductivity than control asphalt mixture. e indoor irradiation test shows that the resultant asphalt mixtures had lower temperatures at the depth of lower than 4 cm. e addition of SC had a negative effect on the shear strength and dynamic stability of asphalt mixture. However, the two indicators increased due to the addition of FAC. e results presented in this study indicate that it is feasible to use lightweight aggregate to prepare low-thermal-conductivity asphalt mixture and use this kind of asphalt mixture to cool asphalt pavement.
Introduction
Asphalt pavement has a low solar albedo of less than 0.1 [1, 2] , which is responsible for its high heat absorbing capacity and pavement temperature. For example, it was reported that the maximum temperature of asphalt pavement in summer could reach up to more than 65°C [3] [4] [5] . Hightemperature rutting is very easy to occur when the pavement is subjected to heavy vehicle loads [6, 7] . e existing solutions for rutting focus on improving the high-temperature performances of the asphalt binder and mixture, such as rubber asphalt [8] , high modulus asphalt [9] , semiflexible asphalt mixture [10] , etc. However, the commonly used materials generally do not consider the significant influence of pavement temperature on the rutting development. Because asphalt mixture is featured of temperature sensitivity, cool asphalt pavement should be applied to counter the rutting distress.
ere are many technologies for cooling asphalt pavement, such as solar reflective coating [11] , phase change material [12] , water retentive pavement [13] , and solar energy collector [14] , etc. Besides, thermally modified asphalt mixture has become a popular topic in an attempt to cool asphalt pavement, because the heat conduction process in asphalt pavement can be regulated by changing the thermal parameters of different asphalt layers [15] . It was found that to decrease the heat absorption of asphalt pavement, which was achieved by enhancing the thermal resistance of asphalt mixture, was expected to mitigate the above problem [16, 17] .
ere are many ways to enhance the thermal resistance of asphalt mixture, which was always realized by increasing the air void content in asphalt mixture [18, 19] . e most used low-thermal-conductivity asphalt mixture is porous asphalt mixture that was used in permeable pavement [20, 21] . However, it was found that the coarse surface always resulted in a low solar reflectance [22] , raising pavement temperature in sunny days [23] . us, adding lightweight aggregate or filler in asphalt mixture became a potential way for preparing high-thermal-resisting asphalt mixture.
To our knowledge, some fillers, such as recycled tyre rubber [24] , diatomite [25] , waste ceramic aggregate [26] , glass cenosphere [27] , and encapsulated cigarette butt [28] , have been incorporated to reduce the thermal conductivity of asphalt mixture. Besides the above lightweight materials, both shale ceramsite (SC) and fly ash cenosphere (FAC) also have large air void contents. However, very limited studies have been reported to use SC and FAC to prepare asphalt mixture and evaluate the thermal and rutting performances of this kind of asphalt mixture.
Objective
is work aims at preparing a low-thermal-conductivity asphalt mixture and evaluating its thermal and rutting performances to facilitate its application in fighting rutting distress. A kind of lightweight aggregate of SC was used to replace basalt aggregate based on an equivalent volume concept. In the same way, FAC with particle diameter smaller than 0.075 mm was also used to replace limestone mineral powder. ermal performances, including thermophysical parameters and cooling effect, were evaluated by performing thermal conductivity and indoor irradiation tests. Shear strength was measured, because rutting distress is highly related to the shear performance of asphalt mixture [6] . e dynamic stability was also measured to directly present the rutting resistance of the designed asphalt mixture. e process of mixture design and performance evaluation is shown in Figure 1 
Materials and Methods

3.1.
Materials. An AC-13 asphalt mixture, which was comprised of basalt aggregate, limestone mineral powder, and base asphalt, was used as control asphalt mixture. SC was used as lightweight aggregate, and FAC was used as lightweight mineral filler. e representative morphology images of FAC and SC are shown in Figure 2 .
In total, four different asphalt mixtures with very similar aggregate gradations were designed. eir aggregate and filler compositions are presented in Table 1 . And the aggregate gradation of control asphalt mixture is shown in Table 2 . e asphalt content of control asphalt mixture was 4.8%. Because of the higher moisture absorption ratio of SC, the mixtures containing SC were repeatedly designed to determine their specific asphalt contents. According to the results, the asphalt contents of Mixture #1, Mixture #2, and Mixture #3 were 5.2%, 5.3%, and 5.2%, respectively.
Test Methods
Environment Scanning Electron Microscope (ESEM)
Test. A Quanta 200 environment scanning electron microscope (ESEM) (FEI Co. Ltd., USA) was used to characterize the internal microscope images of SC and FAC. SC was broken off to obtain clean and smooth sections as far as possible. T e resultant particles were first dried for over 2 hours and then coated with gold. In order to obtain clear SEM images, the voltage for SC was 20.00 kV, and the voltage for FAC was 2.00 kV. All the images were magnified by 200 times.
ermal Conductivity
Test. Each Marshall specimen was cut into several slices with smooth surfaces. A DRE-2C thermal conductivity meter (Xiangtan Instruments and Meters, Hu'nan Province, China), which was based on the transient plane heat source method, was used to measure the thermal conductivity and thermal diffusivity ( Figure 3 ). In the test process, a test probe was placed between two mixture slices and the two slices were closely contacted with each other. e specific heat capacity was computed using the values of bulk density, thermal conductivity, and thermal diffusivity.
Indoor Irradiation Test.
Each Marshall asphalt mixture specimen was thermally insulated by spraying foam around it. Several incandescent lamps with electric power of 275 W, which were placed over asphalt mixture specimens with a height of 90 cm, were used to simulate solar radiation ( Figure 4 ). e irradiation lasted for 200 minutes. e coarse upper surface always led to nonuniform temperature distribution, which made it difficult to accurately measure the actual surface temperature using a portable infrared thermometer. So, the upper surface temperature profile was recorded by an E6 infrared imaging instrument (FLIR Co. Ltd., USA). e temperature profiles at the depths of 2 cm and 4 cm and at the bottom surface were recorded by a 16channel temperature logger (TP700-16, Shenzhen Toprie Electronics Co. Ltd., China).
Shear
Strength. An automatic strength tester was used to perform the uniaxial compression test and the splitting tensile test, which used the standard Marshall specimen. e detailed loading rates were 2 mm/min and 50 mm/min, respectively, according to the Chinese specification JTG E20-2011 [29] . e shear strength was computed according to equations (1)-(4) based on the Mohr-Coulomb failure theory [30] :
where σ UCT �uniaxial compressive strength, MPa; σ ST �splitting tensile strength, MPa; C � cohesion, MPa; and φ � angle of internal friction. 
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Rutting Test.
According to the mix proportions of the designed asphalt mixtures, rutting plates (300 mm × 300 mm × 50 mm) were prepared. And then, the specimens were heated in a temperature box with a constant temperature of 60°C for at least five hours. Finally, the specimens were tested by a flat rubber wheel tracking tester according to the Chinese specification JTG E20-2011 [29] . An indicator of dynamic stability, which was computed using equation (5) , was used to evaluate the rutting performance of asphalt mixture:
where DS � dynamic stability, times/min; t 1 � 45 min; t 2 � 60 min; d 1 � specimen deformation at the time of t 1 , mm; d 2 � specimen deformation at the time of t 2 , mm; and N � 42 times/min.
Results and Discussion
Aggregate and Filler Properties
Density Properties of Aggregates and
Fillers. e physical properties, including apparent specific density, bulk specific density, and moisture absorption ratio, of SC were measured using the same methods for aggregate [31] . In fact, the tested moisture absorption ratio might be largely lower than the actual one. On the one hand, the large air void had a low surface tension force, and the absorbed moisture might leak from the pores. On the other hand, the lightweight aggregate might not be able to sufficiently absorb water only by physical absorption under ambient atmosphere pressure [32] . e physical properties of the above materials are shown in Table 3 . e results show that the moisture absorption ratio of SC was over ten times higher than that of Operating host Mixture slice Probe Advances in Civil Engineering basalt aggregate with the same aggregate size range. e higher moisture absorption ratio or higher air void content of SC provided this material with a lower density and lower thermal conductivity. In addition, we can find that the apparent density of FAC was much lower than that of limestone powder, which could ensure the low thermal conductivity of FAC than limestone powder.
ESEM Images of Aggregates and Fillers.
In order to reveal the internal pore characteristic of SC and provide an evidence for the measured data in Table 3 , the ESEM image of the broken section of SC was taken, shown in Figure 5(a) . Also, the morphology of FAC was studied.
It was very evident that there were many large pores in SC. ese pores resulted in low density and high moisture absorption ratio of SC, shown in Table 3 . Figure 5(b) shows that most of FAC looked like spherical particles, together with some broken pieces.
Density Property of Asphalt Mixture.
e bulk specific densities of these asphalt mixtures are shown in Table 4 .
Because of the addition of porous aggregate, the bulk specific density of the designed mixture was reduced by over 19%. On the one hand, the lower density allowed this kind of mixture to be able to be used in bridge pavement construction. On the other hand, the lower bulk density of the designed mixture would reduce its thermal conduction performance, which would facilitate its application in cooling pavement.
4.3.
ermophysical Parameter. e measured thermal conductivity and computed specific heat capacity are shown in Table 5 . Table 5 shows that the additions of SC and FAC both reduced the thermal conductivity and increased the specific heat capacity. Specifically, the thermal conductivities of Mixture #2 and #3 reduced by 28.6% and 35.3%, respectively, compared to that of control mixture. Meanwhile, the specific heat capacities of the above two mixtures increased by 25.7% and 39.0%, respectively. From Table 1 , it can be found that the mass content of SC in Mixture #2 was higher than the total mass content of SC and FAC in Mixture #3. Nevertheless, the thermal performances of Mixture #3 were improved by more extent than those of Mixture #2. e result was caused by the lower density of FAC compared with that of SC. According to the results reported in Refs. [16, 17] , applying low-thermal-conductivity asphalt mixture in the top layer would prevent solar heat to be absorbed by asphalt mixture, thereby resulting in higher surface temperature.
Transferring of less heat into asphalt pavement resulted in reduced temperature in the middle and bottom layers.
Temperature Distribution.
e infrared images of the upper surface were captured every five minutes. e infrared images at two different moments are shown in Figures 6(a) and 6(b), respectively. It can be found that the temperature distributed unevenly, which indicates that it was impossible to represent the surface temperature using a single temperature. In order to accurately present the surface temperature evolution, all the infrared images were processed by FLIR Tools software to get their average temperatures, and then these average temperatures were referred to be the surface temperatures ( Figure 6(c) ). In addition, the temperatures recorded by temperature probes were used to represent the inner temperatures of mixture specimens. e detailed temperature profiles at four different depth locations are shown in Figure 7 . Figure 7 shows that the four types of asphalt mixture presented different temperature distributions at any locations. Specifically, the upper surface temperature and the temperature at the depth of 2 cm increased with the increasing thermal resistance of asphalt mixture. Instead, the temperature at the depth of 4 cm and the bottom surface temperature reduced with the increasing thermal resistance of asphalt mixture. For example, the surface temperatures of Mixture #1, Mixture #2, and Mixture #3 were 1.7°C, 2.1°C, and 3.1°C higher than that of control mixture, respectively. And the temperatures of Mixture #1, Mixture #2, and Mixture #3 at the depth of 4 cm were 1.62°C, 3.13°C, and 4.39°C lower than that of control mixture, respectively.
From the above results, it can be concluded that using low-thermal-conductivity asphalt mixture in the top asphalt layer is adverse to mitigating the urban heat island effect, but beneficial for reducing high-temperature rutting distress, because the urban heat island effect is directly related to upper surface temperature [33, 34] while rutting distress is very easy to occur in the middle asphalt layer [35, 36] .
Shear Strength.
e results of uniaxial compressive strength and splitting tensile strength are shown in Figure 8 .
e results of shear strength, which are shown in Figure 9 , were computed using the results shown in Figure 8 . e uniaxial compressive strength and splitting tensile strength presented similar varying trends for different asphalt mixtures. In particular, Mixture #3 had a higher uniaxial compressive strength and splitting tensile strength than the other mixtures, which was largely attributed to the improved performance of asphalt matrix resulted from the addition of FAC. e comparison between Figures 8 and 9 
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indicates that the three strength indicators had the same varying trends. e shear strengths of Mixture #1 and Mixture #2 reduced by 7.9% and 14.4%, respectively. In contrast, the shear strength of Mixture #3 was slightly higher than Mixture #1, which was attributed to the addition of FAC that might increase its adhesive strength with asphalt binder [37, 38] . Although the addition of lightweight aggregate could increase the thermal resistance of asphalt mixture, the low-thermal-conductivity asphalt mixture showed lower strength compared to control asphalt mixture. It is suggested to add some reinforcing agents (e.g., fibers) in future studies to prepare low-thermal-conductivity asphalt mixture with high strength.
4.6. Dynamic Stability. According to the mixture proportion shown in Table 1 , rutting specimens with size of 300 mm × 300 mm × 50 mm were prepared to perform the rutting test at 60°C. e results are shown in Figure 10 . e dynamic stability had a varying trend similar to that of shear strength. e addition of SC in Mixture #2 and Mixture #3 reduced the dynamic stability by 8.6% and 16.7%, respectively, compared to that of control mixture. Similarly, the dynamic stability of Mixture #3 was the highest among the three low-thermal-conductivity mixtures prepared in this study.
Conclusions
is work used SC and FAC to replace equal volumes of basalt aggregate and limestone mineral powder, respectively. In total, four kinds of asphalt mixtures were prepared and used to perform a series of experiments to confirm the possibility of enhancing the thermal resistance of asphalt mixture for cooling asphalt pavement.
SC and FAC are both featured of low density and high moisture absorption ratio, thus having lower thermal conductivity than basalt aggregate and limestone mineral powder, respectively. e ESEM test showed that there were many large pores in SC, and most of FAC looked like spherical particles. Using SC and FAC could produce lowthermal-conductivity asphalt mixture. e thermal conductivity of asphalt mixture could reduce by up to 35 .3%, which could be used to prevent solar radiation from transferring downwards. e low-thermal-conductivity asphalt mixture presented a maximum temperature reduction by 4.39°C at the depth of 4 cm. However, the upper surface temperature increased, because more solar heat accumulated on the surface of asphalt pavement. Nevertheless, the mechanical performance for rutting resistance of asphalt mixture with addition of SC reduced, compared with control asphalt mixture, while FAC had a positive effect on this performance.
Overall, adding lightweight materials in asphalt mixture could improve thermal resistance and reduce the inner temperature of asphalt pavement. However, the reduced rutting resistance of this kind of mixture tells us that in future studies some reinforcing agents should be added to prepare low-thermal-conductivity asphalt mixture with high strength. 8
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